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Abstract 

The  effect  of  8-ABO3  nanoparticles  (size  ~  10  nm)  on  the  ionic  conductivity  and  related  properties  of  a  solid  polymer  electrolyte  (SPE) 

that  consists  of  low  molecular  weight  (Mw  =  2000)  poly(ethylene)  glycol  (PEG)  complexed  with  LiClC>4  is  studied  in  detail  using  XRD, 

DSC,  TPD,  NMR,  and  complex  impedance  methods.  The  maximum  ionic  conductivity  a  =  7.3  x  10-7  Scm-1  observed  for  pristine 
(PEG)46LiC104  is  found  to  be  dependent  on  the  content  of  8-ADO3  filter;  it  shows  a  peak  value  of  a  =  4.5  x  10-6  S  cm-1  for  10mol% 

filler.  This  is  nearly  an  order  of  magnitude  enhancement  of  the  ionic  conductivity  and  is  found  by  DSC  studies  to  be  related  to  a  decrease  in 

the  crystalline  regions  in  the  SPE,  while  the  glass  transition  temperature  Tg  and  the  melting  temperature  Tm  remain  essentially  unchanged. 

7Li  NMR  motional  narrowing  points  to  an  increase  in  the  effective  mobility  of  the  lithium  ions  on  doping  with  the  nanoparticles.  The 
temperature  dependence  of  a  can  be  divided  into  two  regions,  one  consistent  with  the  Arrhenius  behavior  and  the  other  with  the  Vogel, 
Tamman  and  Fulcher  equation.  The  activation  energy  is  found  to  be  the  lowest  for  the  10  mol%  doped  sample.  It  is  concluded  that  doping 
with  nanoparticles  leads  to  an  enhancement  of  conductivity  due  to  a  decrease  in  the  crystallinity  and  the  activation  energy,  as  well  as  to  an 
increase  in  the  effective  mobility  of  Li  ions. 
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1.  Introduction 

Polyether  based  solid  polymer  electrolytes  (SPEs)  doped 
with  lithium  salts  have  been  studied  intensely  in  recent 
years.  This  interest  is  stimulated  by  possible  applications 
in  batteries  with  high  specific  energy,  electrochromic  dis¬ 
plays,  sensors,  and  fuel  cells  [1].  Compared  with  glassy  and 
inorganic  crystalline  counterparts,  SPEs  have  important  ad¬ 
vantages  such  as  easier  fabrication,  mechanical  flexibility, 
and  corrosion  resistance.  Nevertheless,  SPEs  have  certain 
technical  limitations;  the  more  serious  are  low  ionic  con¬ 
ductivity,  high  crystallinity,  low  transference  number  for 
cations,  and  poor  mechanical  stability.  One  of  the  more 
promising  approaches  to  overcoming  these  problems  has 
been  to  add  inorganic  electrically  inert  fillers  to  produce 
composite  polymer  electrolytes  (CPEs).  Beginning  with  the 
first  study  by  Weston  and  Steele  [2],  which  reported  an 
improvement  in  the  mechanical  property  of  (PEO)gLiC104 
on  doping  with  a-alumina  powder  of  40  jjl m  size,  many 
workers  have  investigated  CPEs.  It  has  been  found  that, 
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in  addition  to  an  improvement  in  mechanical  properties, 
doping  with  inorganic  fillers  such  as  AI2O3,  TiCD,  SiCE, 
zeolites,  y-LiAIOq  and  BaTiC>3  also  causes  an  enhancement 
in  ionic  conductivity  [3-8]. 

Recent  studies  have  shown  that  the  particle  size  and  the 
nature  of  the  fillers  have  an  important  influence  on  the  en¬ 
hancement  of  ionic  conductivity;  usually,  the  smaller  the 
size  the  larger  is  the  enhancement.  In  particular,  fillers  with 
nanosize  particles  are  very  effective  in  this  regard  [4,9].  De¬ 
spite  the  numerous  studies  of  such  nanocomposite  polymer 
electrolytes  (NCPEs),  the  role  played  by  the  nanoparticles 
in  the  enhancement  of  ionic  conductivity  is  not  yet  fully 
understood.  For  example,  it  is  generally  observed  that  the 
introduction  of  nanoparticles  into  a  biphasic  SPE  (i.e.,  con¬ 
sisting  of  both  crystalline  and  amorphous  regions)  leads  to 
a  decrease  in  the  crystalline  regions  in  the  material.  Since 
ionic  conductivity  takes  place  mostly  in  the  amorphous  re¬ 
gions  of  the  SPEs,  this  reduction  in  the  crystalline  regions  is 
expected  to  lead  to  an  increase  in  the  ionic  conductivity.  It 
is  also  recognized,  however,  that  a  decrease  in  crystallinity 
is  not  the  only  effect  of  the  addition  of  the  nanoparticles. 
For  example,  there  have  been  conflicting  reports  on  the 
effect  of  nanoparticles  on  the  glass  transition  temperature 
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7 „ .  While  no  appreciable  change  in  7„  was  observed  for 
(PEO)sLiBF4  +  10wt.%  AI2O3  (13  nm)  [9],  a  decrease  in 
Tg  was  seen  for  a  (PEO)  igLiCICU  +  10  wt.%  AI2O3  (37  nm) 
NCPE  system  [10].  In  (PEGlsLiTFSI  doped  with  nanoscale 
SiC>2,  Tg  was  found  to  increase  by  a  few  degrees  [11]. 
Moreover,  the  nature  of  the  role  played  by  the  nanoparticles 
in  modifying  the  properties  of  the  SPE  is  yet  to  be  clari¬ 
fied.  So  far,  different  mechanisms  of  interactions  have  been 
proposed  such  as  an  increase  in  the  disorder  of  the  system 
[11,12],  Lewis  acid-base  type  interactions  of  fillers  with  the 
salt  or  the  polymer  [13],  increase  in  ionic  mobility  [14,15], 
increase  in  transference  number  [4],  increased  segmental 
motion  of  host  polymer  [10],  electrostatic  interactions  be¬ 
tween  ionic  species  and  fillers  [16],  space  charge  formation 
[17],  and  creation  of  new  favorable  conduction  pathways 
[14]. 

It  is  known  that  polymers  below  a  critical  molecular 
weight  (~3200)  display  different  viscosity  and  diffusion  be¬ 
havior.  A  study  of  the  effect  of  molecular  weight  of  polymer 
on  cation  mobility  by  Shi  and  Vincent  [18]  has  shown  that 
even  though  the  molecular  weight  has  no  significant  effect 
on  cation  mobility  above  a  critical  limit  of  3200,  an  addi¬ 
tional  cation  transport  mechanism  could  be  operating  below 
this  limit.  In  this  low  molecular  weight  region,  referred  to 
as  the  Rouse  region,  there  is  a  possibility  of  polymer  chain 
diffusion  in  addition  to  segmental  motion.  Accordingly, 
this  study  examines  a  new  solid  polymer  electrolyte  based 
on  poly(ethylene)  glycol  (PEG)  of  molecular  weight  2000 
complexed  with  lithium  perchlorate.  Lithium  perchlorate  is 
chosen  as  it  fulfils  the  electrochemical  stability  criteria  and 
it  has  a  low  lattice  energy  (723  kJ  mol-1),  which  is  favor¬ 
able  for  polymer-salt  complex  formation.  While  there  have 
been  reports  of  the  influence  of  y-  and  a-Al203  nanopar¬ 
ticles  on  SPEs,  and  it  is  known  that  different  alumina 
nanoparticles  have  different  effects  [11,13,19],  the  influ¬ 
ence  of  doping  with  8-ALO3  nanoparticles  has  still  to  be 
examined.  In  the  present  work,  detailed  conductivity,  DSC, 
XRD,  and  NMR  studies  of  the  (PEG)46LiC104  +  8-AI2O3 
polymer  electrolyte  nanocomposite  system  are  reported.  It 
has  been  shown  earlier  that  the  (PEG)rLiC104  SPE  system 
has  maximum  ionic  conductivity  for  x  =  46  [20] . 

2.  Experimental 

Poly(ethylene)  glycol  of  molecular  weight  2000  (Fluka) 
and  LiC104  (Fluka)  were  used  without  further  purifica¬ 
tion.  The  nanoparticles  used  in  the  study  were  provided 
by  Nanopowder  Enterprises  Inc.,  USA.  XRD  (Scintag 
XDS2000,  USA)  and  TEM  (JEOL,  JEM  200CX)  measure¬ 
ments  were  carried  out  to  determine  the  size  and  shape  of 
these  nanoparticles.  LiC104  was  dried  in  an  oven  overnight 
at  100-1 10  °C  prior  to  use.  The  ceramic  filler  was  also  dried 
in  the  oven  at  around  110°C  for  24— 30  h.  The  sample  was 
prepared  by  the  solution  casting  method  and  using  methanol 
(20-30  ml,  analytical  grade)  as  the  common  solvent.  The 


nanoparticles  were  introduced  into  the  complex  solution  of 
(PLG)4(,LiCI04.  Sonication  using  high  intensity  ultrasonic 
vibration  (Vibra  Cell,  Sonics  and  Materials,  USA)  with  the 
finger  directly  immersed  in  the  solution  was  performed  for 
1  h  to  ensure  uniform  dispersion  of  the  nanoparticles  into 
the  polymer-salt  matrix.  The  slurry  was  then  stirred  with 
a  magnetic  stirrer  for  6h  at  room  temperature,  followed 
by  another  hour  at  ~50  °C  in  a  nitrogen  atmosphere.  This 
facilitated  the  evaporation  of  the  major  part  of  the  solvent. 
The  viscous  slurry  was  then  poured  into  Teflon  rings  and 
kept  in  a  glove  box  under  nitrogen  atmosphere  overnight 
and  the  solvent  was  allowed  to  evaporate  slowly.  The  so¬ 
lidified  sample  was  transferred  to  a  vacuum  desiccator  for 
drying  under  continuous  pumping  for  3h  to  remove  any 
traces  of  solvent  present  in  the  samples. 

DSC  measurements  were  carried  out  on  MDSC  2920 
equipment  (TA  Instruments,  USA)  in  the  standard  mode  with 
dry  nitrogen  gas  purging  at  a  rate  of  25  ml  min-1.  Ten  to 
12  mg  of  the  sample  was  used  for  DSC  measurements.  Sam¬ 
ples  were  heated  to  100  °C  at  a  rate  of  5  °C  min-1,  cooled  to 
— 100  °C,  and  then  heated  again.  An  empty  aluminum  pan 
was  used  as  a  reference. 

Conductivity  experiments  were  carried  out  in  dry  nitrogen 
atmosphere.  The  sample  was  loaded  into  a  cell  with  a  pair 
of  spring-fit,  stainless-steel,  blocking  electrodes.  Impedance 
measurements  were  carried  out  with  a  0.5  V  ac  signal  by 
means  of  a  PAR  5210  vector  lock-in  amplifier  in  the  fre¬ 
quency  range  2  Hz  to  120  kHz.  Measurements  were  con¬ 
ducted  every  5  °C  during  heating  using  a  Bruker  VT-1000 
temperature  controller.  After  the  desired  temperature  was 
reached,  the  sample  was  allowed  to  equilibrate  for  20-25  min 
before  a  reading  was  taken.  The  experiments  were  carried 
out  in  the  temperature  range  of  260-340  K.  All  the  exper¬ 
imental  spectra  were  analyzed  by  means  of  the  Boukamp 
Equivalent  Circuit  method  [21]. 

3.  Results  and  discussion 

3.1.  Shape  and  size  of  nanoparticles 

The  X-ray  diffraction  pattern  of  the  nanoparticles  was 
recorded  at  a  scan  rate  of  10°  min-1  to  determine  the  size 
of  the  crystallites  in  the  nanoparticles.  The  pattern  is  very 
similar  to  that  reported  for  8-ALO3  [22,23].  Hereafter,  the 
nanoparticles  used  in  the  present  studies  are  referred  to  as 
8-ALO3.  The  two  most  intense  XRD  peaks  (Fig.  1)  were 
chosen  for  calculation  of  nanoparticle  size.  The  diameter  of 
the  8-AI2O3  nanoparticles,  L,  was  calculated  from  the  full 
width  at  half  maxima  (FWHM),  /’,  expressed  in  radians, 
of  the  XRD  peaks  using  Scherrer’s  equation  [24,25]  T  = 
0.94A./(L  cos  0),  where  0  is  the  diffraction  peak  position. 
L  was  found  to  be  ~7  nm.  Application  of  the  Scherrer  for¬ 
mula  leads  to  an  estimate  of  the  mean  crystallite  size.  TEM 
imaging  was  also  carried  out  (Fig.  2)  to  determine  the  shape 
and  size  of  the  particles  and  an  average  size  of  ~12  nm  was 
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Fig.  1.  XRD  pattern  of  8-alumina  nanoparticles. 

obtained.  It  is  to  be  noted  that  Scherrer  analysis  of  the  XRD 
pattern  gives  crystallite  size  and  not  particle  size.  Nanopar¬ 
ticles  are  expected  to  be  mostly  single -crystalline  and  there¬ 
fore  the  size  observed  is  very  nearly  that  of  the  particle  size 
itself.  Understandably,  this  technique  has  been  widely  used 
by  other  workers  to  determine  the  size  of  the  nanoparticles 
[24,25].  The  fact  that  the  value  obtained  by  TEM  is  of  the 
same  order  of  magnitude  as  that  obtained  from  XRD  also 
lends  credence  to  this  conclusion.  The  particles  are  essen¬ 
tially  spherical  in  shape.  Nanoparticles  of  this  size  are  partic¬ 
ularly  useful  as  tillers  in  the  SPE,  since  it  has  been  shown  [9] 
that  smaller  particle  size  gives  rise  to  more  enhancement  in 
conductivity. 

3.2.  Thermal  properties 

The  DSC  curves  for  pure  PEG  2000,  SPE  (PEG)46 
LiC104  and  NCPE  with  maximum  ionic  conductivity 


Temperature  (°C) 


Fig.  3.  DSC  results  for:  (a)  pure  PEG  2000,  (b)  (PEG)46LiC104.  and 
(c)  (PEG)46LiC104  +  8-AI2O3  (l()mol%).  Inset  shows  relevant  regions 
magnified. 

(PEG)4(,LiC04  +  8-AUO3  (10mol%)  are  shown  in  Fig.  3. 
Curves  for  other  compositions  (not  shown)  are  similar  to 
those  of  the  10mol%  composition.  All  the  SPE  samples  ex¬ 
hibit  a  relatively  sharp  endothermic  peak  near  52  °C,  which 
could  be  attributed  to  the  melting  of  a  PEG-rich  crystalline 
phase.  Noteworthy  is  the  observation  that  the  dispersion  of 
the  nanoparticles  does  not  alter  this  melting  temperature  7m- 
The  area  under  the  curve  of  the  melting  endotherm,  which 
gives  the  latent  heat  of  melting,  AQm,  is  found  to  be  depen¬ 
dent  on  the  composition  of  the  specimen.  As  is  well  known, 
the  %  crystallinity  ( Xc )  of  the  sample  can  be  obtained  by 
comparing  the  heat  of  melting  A  Qm  with  that  of  a  sam¬ 
ple  of  known  %  crystallinity.  From  NMR  measurements, 
pure  PEG  2000  has  been  found  to  be  83%  crystalline  [26]. 
The  percentage  crystallinity  of  (PEG)46LiC104  +  8-AI2O3 
for  different  nanoparticle  contents  obtained  by  comparing 
their  heats  of  melting  with  that  of  pure  PEG  is  presented  in 
Table  1  and  also  plotted  in  Fig.  4.  It  is  noted  that  the  AQm 


Fig.  2.  TEM  image  of  8-alumina  nanoparticles. 
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Table  1 
DSC  results 


Sample 

8-AI2O3 

(mol%) 

T n  (°C) 

Tg  C  C) 

PEG 

- 

168.0 

55.2 

- 

(PEG)46LiC104 

- 

142.4 

52.3 

-38.8  ±  1.0 

(PEG)46LiC104 

5 

124.7 

52.3 

-39.1  ±  1.0 

(PEG)46LiC104 

10 

125.9 

52.8 

-36.7  ±  1.0 

(PEG)46LiC104 

15 

127.8 

52.6 

-36.9  ±  1.0 

(PEG)46LiC104 

25 

132.8 

52.4 

-37.4  ±  1.0 

(PEG)46LiC104 

30 

127.6 

52.2 

-37.9  ±  1.0 

obtained  from  the  DSC  curves  for  any  given  composition 
is  reproducible  to  within  ±1.5%.  The  %  crystallinity  is  the 
ratio  of  two  such  XQm  s  and  it  is  estimated  that  Xc  values 
are  correct  to  within  ±3%.  The  error  bars  corresponding  to 
this  experimental  uncertainty  are  shown  on  the  data  points 
in  Fig.  4.  It  is  seen  that  on  the  introduction  of  the  nanopar¬ 
ticles,  the  crystallinity  of  the  SPE  falls  sharply  from  ~70% 
for  samples  with  no  filler  to  62%  for  5-10  mol%  filler.  For 
higher  contents  of  nanoparticles,  Xc  is  seen  to  be  indepen¬ 
dent  of  the  composition  within  the  experimental  error. 

A  weaker  second  peak  is  observed  for  pure  PEG  2000  in 
the  second  heating  cycle.  This  could  be  due  to  the  segrega¬ 
tion  of  two  types  of  crystalline  regions  after  the  first  heating 
and  cooling  cycle.  Further  studies  have  to  be  conducted  to 
confirm  this  suggestion.  It  is  also  observed  that  for  the  SPE 
and  composites  filled  with  nanoparticles  another  weak  en- 
dotherm  (marked  by  an  arrow  in  Fig.  3)  appears  at  a  tem¬ 
perature  7W  >  Tm.  Such  additional  endotherms  have  been 
observed  [27]  in  many  systems  such  as  PE0-LiFCl3S03 
and  PEO  ±  NaSCN  and  have  usually  been  attributed  to  the 
melting/dissolution  process  of  a  salt-rich  crystalline  phase. 

The  glass  transition  temperature  Tg  cannot  be  observed 
for  pure  PEG,  most  probably  due  to  its  highly  crystalline 
nature.  After  complexation  with  LiClOzi,  the  SPE  exhibits  a 
Tg  at  nearly  —39  °C.  Successive  measurements  and  analysis 
show  that  this  value  can  be  reproduced  within  ±1  °C.  It  is 


Fig.  4.  Degree  of  crystallinity  vs.  &-AI2O3  (mol%)  plot  for  (PEG)46 
LiC104  +  8-AI2O3.  Solid  line  ( — )  is  a  guide  to  the  eye. 


seen  from  this  that  on  the  addition  of  8-ALO3  nanoparticles 
there  is  no  appreciable  change  in  T„ .  Similar  observations 
have  been  made  by  other  workers  in  similar  systems  [9,14]. 

3.3.  Temperature-programmed  desorption  (TPD)  studies 

The  8-AI2O3  nanoparticles  could  have  on  their  surface 
either  Lewis  base  centers  or  Lewis  acid  centers  or  the  sur¬ 
face  could  be  neutral.  It  has  been  reported  that  the  nature 
of  the  surface  has  significant  effect  on  the  conductivity 
[11,13,19].  To  determine  the  nature  of  the  surface  groups, 
temperature-programmed  desorption  studies  were  carried 
out  with  a  quadrupole  mass  spectrometer  QXK300  (VG 
Scientific  Limited,  UK).  Typically,  0.05  mg  of  8-AI2O3 
nanoparticles  was  loaded  in  a  quartz  tube  reactor  of  20  cm 
length  and  6  mm  diameter.  The  quartz  tube  was  evacuated  to 
10-6  Torr.  Then,  it  was  saturated  with  4.6%  NH3  in  He  (cal¬ 
ibration  gas  mixture  from  Bhoruka  Gases  Ltd.,  Bangalore) 
for  30  min.  This  was  followed  by  evacuation  of  the  tube  and 
then  TPD  was  carried  out  at  a  heating  rate  of  10°Cmin_1 
from  30  to  500  °C.  The  sample  temperature  was  measured 
by  a  fine  chromel-alumel  thermocouple  immersed  in  the 
catalyst.  The  desorbing  gas  products  were  leaked  into  an 
ultra  high  vacuum  system  that  housed  the  quadrupole  mass 
spectrometer  at  10~9  Torr.  All  the  masses  were  scanned  ev¬ 
ery  10  s.  The  intensity  of  each  species  of  H2O,  NH3,  O2  and 
N2  as  function  of  temperature  (thermogram)  was  generated 
at  the  end  of  the  reaction.  The  results  are  presented  in  Fig.  5. 

On  the  basis  of  the  observed  desorption  of  NH3,  it  is 
concluded  that  the  surface  groups  on  8-ALO3  are  acidic. 
Indeed,  some  water  molecules  are  also  present  on  the  sur¬ 
face  of  the  nanoparticles  as  seen  by  the  TPD  measurements, 
inspite  of  subjecting  them  to  thorough  drying  at  ~110°C 
for  a  few  hours.  As  noted  by  Capiglia  et  al.  [28]  for  a 
(PE0)8-LiC104  system  with  Si02  nanoparticles  fillers,  the 
moisture  on  the  surface  of  the  particles  has  the  effect  of  de¬ 
creasing  the  ionic  conductivity  of  the  NCPE.  The  presence 
of  the  water  molecules  on  the  surface  of  8-ALO3  nanoparti¬ 
cles  used  in  the  present  system,  which  could  not  be  removed 
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even  after  drying,  may  have  the  effect  of  decreasing  the 
conductivity  in  a  similar  way. 

3.4.  NMR  studies 

NMR  is  a  powerful  local  probe  of  structure  and  dynamics 
of  condensed  matter  and  as  such  is  used  extensively  in  the 
study  of  solid  electrolytes.  The  most  useful  information  ob¬ 
tained  by  NMR  in  the  case  of  SPEs  is  the  identity  of  the  mo¬ 
bile  species,  its  dynamics  and  very  often  its  interaction  with 
the  surroundings.  Over  the  last  few  years,  a  number  of  NMR 
reports  have  been  published  in  NCPEs  [12,15,17,29-31]. 
Here  again,  there  is  no  unanimity  of  either  observations  or 
interpretations,  a  fact  that  is  indicative  of  the  complexity  of 
the  phenomena  occurring  in  these  systems.  It  is  generally 
expected  that  when  ionic  motion  occurs,  the  NMR  linewidth 
of  the  mobile  nucleus  decreases.  In  contrast,  Dai  et  al.  [29] 
with  (PEO)i.5  +  Lil  +  nanoscale  AI2O3  or  MgO,  Chung 
et  al.  [15]  with  (PFO)g  +  LiC104  +  Ti02  nanoparticles 
and  Forsyth  et  al.  [30]  with  3PEG  +  LiCL04  +  TKD2,  Si02 
and  AI2O3  nanoparticles,  observed  an  increase  in  the  7Li 
linewidth  on  addition  of  nanoparticles  though  the  ionic  con¬ 
ductivity  increased.  One  possible  explanation  offered  was 
that  nanoparticles  cause  the  Li-H  distance  to  decrease  and 
this  results  in  an  increase  in  the  Li-H  heteronuclear  dipolar 
interaction  which  is  shown  to  be  the  main  contributor  to  the 
linewidth  through  1  H  decoupling  experiments  [17].  While 
this  explanation  is  reasonable,  Mustarelli  et  al.  [12]  with 
PE0g  +  LiCL04  or  LiN(CF3S02)2  +  nanoscale  Si02  found 
a  decrease  in  the  7Li  linewidth  of  nanocomposites.  Bloise 
et  al.  [31]  with  PEO  +  LiC104  or  LiBF4  +  a-AUCU  or 
y-AECU  observed  mixed  behavior  in  that  y-AEOy  caused 
an  increase  in  the  linewidth  while  a-Al203  resulted  in  a 
decrease  in  the  linewidth.  It  is  clear  that  the  behavior  can  be 
different  in  different  systems  and  there  is  a  need  for  more 
comprehensive  studies  before  clear  systematics  emerge. 

'H  and  7Li  NMR  studies  of  the  NCPE  with  a  composition 
that  corresponds  to  the  maximum  ionic  conductivity,  i.e., 
10mol%  8-AHO3,  were  carried  out  on  a  Bruker  DSX-300 
spectrometer  operating  at  frequencies  of  300  and  117  MHz, 
respectively,  in  the  temperature  range  of  250-340  K  for  1 H 
and  225-340  K  for  7Li.  A  single  90°  pulse  of  4—5  |xs  was 
used  with  5  s  recycle  delay.  For  the  NMR  experiments,  the 
films  were  cut  into  narrow  strips  and  filled  into  5  mm  glass 
tubes  in  a  nitrogen  atmosphere.  The  open  end  of  the  tube 
was  closed  using  teflon  tape.  The  samples  in  the  tubes  were 
kept  in  a  glove  box  until  the  time  of  experiment. 

The  linewidth  behavior  of  1  H  and  7Li  resonances  are 
shown  in  Figs.  6  and  7  respectively  for  both  undoped  and 
doped  samples.  The  inset  (a)  in  Fig.  7  shows  the  actual  7Li 
signals  at  room  temperature.  Two  points  are  noteworthy 
with  respect  to  these  NMR  results.  First,  on  addition  of 
the  nanoparticles,  the  7Li  linewidth  decreases  significantly 
while  there  is  only  a  marginal  decrease  in  the  1 H  linewidth. 
The  obvious  inference  is  that  there  is  very  little  effect  of 
doping  on  the  chain  dynamics  (but  see  below)  while  the  7Li 


Fig.  6.  1  H  linewidth  vs.  temperature  plot  for  (PEG)46LiC104  +  8-ALO3 
(10mol%);  circles  and  triangles  represent  the  linewidths  for  the  undoped 
and  doped  samples  respectively.  Inset  shows  *H  signals  at  room  temper¬ 
ature. 

mobility  has  significantly  increased.  Second,  the  motional 
narrowing  of  both  the  resonances  is  sharper  in  the  doped 
samples  though  the  effect  is  more  predominant  in  7  Li  reso¬ 
nance.  This  result  is  interesting  in  view  of  the  fact  that  glass 
transition  temperature  7g,  which  is  associated  with  the  onset 
of  chain  dynamic  is  practically  unaffected  by  doping.  The 
implication  is  that  though  the  onset  of  the  dynamics  remains 
the  same,  the  presence  of  the  nanoparticles  helps  to  acceler¬ 
ate  the  7Li  dynamics.  Standard  procedures  have  been  used 
to  evaluate  the  motional  parameters  from  the  linewidth  data. 
Using  rc  =  (l/o!:rAv)xtan(7r/2x(Av)2  —  (Anr)2/(Avd)2  — 
( Avr)2)  [32],  where  rc  is  the  correlation  time,  a  a  parameter 
of  order  unity,  Av  the  linewidth  in  the  narrowing  region  (in 
Hz),  Av;r  the  residual  linewidth,  and  Av'd  the  rigid  linewidth. 


Fig.  7.  7Li  linewidth  vs.  temperature  plot  for  (PEG)46LiC104  +  8-ALO3 
(10mol%);  circles  and  triangle  represent  the  linewidths  for  the  undoped 
and  doped  samples  respectively.  Inset  (a)  shows  7  Li  signals  at  room 
temperature.  Inset  (b)  is  expanded  plot  of  main  figure  to  show  sharpness 
of  the  transition  for  doped  sample. 
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Fig.  8.  Correlation  time  vs.  temperature  plot  for  undoped  and  doped 
(PEG)46LiC104  +  S-AI2O3  (10mol%).  Solid  lines  ( — )  are  fits  to  corre¬ 
lation  time  equation:  ln(rc)  =  ln(r0)  +  (£aNMR/1000&)  x  1000/  T. 


Fig.  9.  Conductivity  vs.  8-AI2O3  (mol%)  plot  for  (PEG)46LiC104  + 
8-AI2O3  at  300  K.  Solid  line  is  a  guide  to  the  eye. 


rc  values  are  calculated  at  various  temperatures  and  are 
shown  in  Fig.  8.  The  parameters  Ea  and  r0  are  estimated 
from  the  slope  of  the  plot.  The  ionic  conductivity  ctnmr 
is  also  calculated  employing  the  Nernst-Einstein  relation 
ctnmr  =  Nq2d2  /6rkT,  where  N  is  the  lithium  concentration 
per  unit  volume,  d  the  average  ionic  jump  distance,  and 
q  the  ionic  charge.  Considering  an  average  Li-Li  distance 
of  ~4  A,  the  value  of  N  in  (PEG)46LiC104  can  be  calcu¬ 
lated  from  the  molecular  weights  and  densities  of  PEG  and 
LiC104,  respectively.  A  value  of  3.3  x  1026  m-3  is  obtained. 
The  results  are  summarized  in  Table  2.  Two  interesting 
points  emerge  from  the  data.  First,  the  value  of  ctnmr  in 
the  doped  sample  is  higher,  which  is  consistent  with  the 
conductivity  measurements  (see  below).  The  actual  mag¬ 
nitude  obtained  by  NMR  measurements  is  higher  by  more 
than  an  order  of  magnitude.  This  could  be  because  of  the 
sensitivity  of  NMR  to  local  dynamics  in  contrast  with  con¬ 
ductivity  measurement,  which  measures  only  the  long-range 
transport.  Another  reason  for  this  differences  could  be  that 
while  conductivity  measurement  responds  to  the  motion 
of  only  charged  (i.e.,  dissociated)  species,  NMR  can  sense 
the  motion  of  undissociated  molecules  as  well.  Such  differ¬ 
ences  in  the  a  determined  by  the  two  techniques  have  been 
discussed  earlier  [33].  The  second  interesting  observation 
from  the  data  in  Table  2  is  that  the  activation  energy  £aNMR 
increases  slightly  on  doping.  Therefore,  the  conductivity 
enhancement  is  mostly  due  to  an  increase  in  the  attempt 
frequency  in  a  way  similar  to  the  observations  of  Mustarelli 
et  al.  [12], 


3.5.  Ionic  conductivity 

The  variation  of  ionic  conductivity,  ct,  with  content  of 
8-AI2O3  nanoparticles  is  presented  in  Fig.  9.  It  is  observed 
that  starting  from  a  value  of  7.3  x  10-7  S  cm-1  for  no  filler 
content,  the  conductivity  goes  on  increasing,  reaches  a  max¬ 
imum  of  ~4.5  x  10~6  S  cm-1  around  10mol%  filler  before 
decreasing  again.  While  this  general  behavior  is  typical  of 
NCPEs  [34],  it  must  be  noted  that  the  maximum  enhance¬ 
ment  observed  of  nearly  one  order  is  quit  significant.  Except 
for  a  couple  of  studies  [35,36],  most  other  authors  report 
an  enhancement  by  a  few  times  in  the  conductivity  on  the 
introduction  of  nanoparticles  [13,37]. 

The  decrease  with  increasing  filler  content  after  the  peak 
value  is  understood  in  terms  of  the  increasing  blocking  ef¬ 
fect  of  the  conduction  pathways  by  the  electrically  insulating 
nanoparticles.  The  initial  increase  for  low  filler  content,  in 
principle,  can  have  different  origins:  (i)  increased  segmental 
motion  of  the  host  polymer  [10],  (ii)  an  increase  in  the  num¬ 
ber  of  charge  carriers  [4,12],  or  (iii)  an  increase  in  the  mobil¬ 
ity  of  the  charge  carriers  [12,14].  A  combined  analysis  of  the 
above  DSC  and  NMR  studies  enables  the  following  mecha¬ 
nism  to  be  proposed  for  the  enhancement  in  ct.  It  is  noted  that 
there  is  no  appreciable  change  in  Tg  in  the  doped  samples. 
The  1  H  NMR  linewidth  also  does  not  undergo  any  signifi¬ 
cant  narrowing.  Therefore,  it  is  concluded  that  the  segmental 
motion  remains  unaffected  by  the  filler.  As  seen  in  Fig.  4, 
however,  there  is  a  sharp  decrease  in  the  percentage  crys¬ 
tallinity  of  the  sample  from  ~70%  down  to  about  62%  for 


Table  2 

Results  of  NMR  parameters  obtained  from  7Li  linewidths  for  (PEG)46LiC104  +  B-AI2O3  (l()mol%)  system 


Sample 

rQ  (s) 

£aNMR  (eV) 

Tc  (s)  at  300  K 

ctnmr  (S cm  ') 

cr  (Scm  *) 

Undoped 

1.83  x  10  16 

0.46 

1.13  x  nr8 

1.3  x  IO-5 

7.27  x  10~7 

Doped 

1.11  x  ur17 

0.51 

4.5  x  10-9 

4.158  x  10"5 

4.503  x  10"6 
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Fig.  10.  Conductivity  vs.  temperature  plot  for  (PEG)46LiC104  +  8-Al203. 
Solid  lines  are  fits  to  Arrhenius  (above  Tc )  and  VTF  (below  Tc )  equations. 

10  mol%  nanoparticles.  Simultaneously,  there  is  a  narrowing 
of  the  7Li  signals  that  indicates  an  increase  in  the  mobility 
of  7Li  nuclei.  Thus,  the  conductivity  enhancement  is  caused 
by  an  increase  in  the  amorphous  fraction  of  the  sample  ac¬ 
companied  by  an  increase  in  the  mobility  of  the  Li  ions. 

How  does  the  introduction  of  the  nanoparticles  lead  to 
these  effects?  Croce  et  al.  [13]  and  Jayathilaka  et  al.  [14] 
have  considered  the  nanoparticles-SPE  interaction  in  detail. 
It  was  observed  that  the  nature  of  the  interaction  and  the 
consequent  effect  on  conductivity  was  sensitively  dependent 
on  whether  the  surface  groups  of  the  nanoparticles  are  acidic, 
basic  or  neutral.  The  TPD  studies  have  shown  that  the  surface 
groups  on  the  8-AI2O3  particles  used  here  are  acidic.  These 
acidic  groups  would  interact  with  CICL-  anions  as  well  as 
with  PEG  segments,  which  results  in  an  increase  in  the  salt 
dissociation  and  in  the  local  PEG  amorphous  fraction  [4]. 
Both  these  effects  contribute  to  the  enhancement  of  the  ionic 
conductivity  through  an  increase  in  the  number  of  charge 
carriers.  Additionally,  the  NMR  results  indicate  an  increase 
in  the  ionic  mobility  since  narrower  linewidths  are  observed 
in  8-ALO3  doped  samples  compared  with  the  undoped  one. 

As  mentioned  earlier,  two  contrasting  effects  of  nanopar¬ 
ticle  doping  on  7Li  NMR  linewidths  have  been  reported. 
Obviously,  the  result  is  system  specific,  namely:  some  sys¬ 
tems  show  an  increase  in  the  linewidth  while  certain  other 
systems  show  the  opposite  effect.  The  understanding  of  the 
specific  nature  of  the  system  causing  these  opposite  effects 
requires  further  investigation. 

Conductivity  versus  temperature  plots  for  the  (PEG)46 
LiC104  +  8-AI2O3  system  are  presented  in  Fig.  10.  The 
conductivity  increases  monotonically  as  the  temperature 
rises.  The  plots  show  that  there  exists  a  temperature  Tc 
below  which  the  conductivity  plot  has  a  curvature  and 
above  which  it  linearly  and  steeply  rises  up  to  the  melt¬ 
ing  temperature  («330K),  as  found  with  earlier  observa¬ 
tions  [38,39].  The  region  below  Tc  fits  the  VTF  equation 
(ct  =  A/T1/2 exp[— B/k(T  —  ro)]  [40]  where  A,  B  and  T0 


Table  3 

Arrhenius  and  VTF  parameters  for  (PEG)46LiC104  +  8-AI2O3 


Mol% 

£a  (eV) 

To  (K) 

A  (S  K1/2  cm-1) 

B  (eV) 

To  (K) 

0 

2.04 

310 

1.79 

0.11 

195.75 

10 

1.58 

310 

1.50 

0.09 

198.03 

20 

1.88 

310 

5.58 

0.11 

196.63 

30 

1.99 

310 

4.42 

0.12 

195.83 

are  treated  as  fitting  parameters  with  the  values  listed  in 
Table  3.  T0  is  usually  30-50  °C  below  7„  and  is  called  the 
equilibrium  glass  transition  temperature  [41].  An  increase 
in  T0  is  observed  on  dispersal  of  the  nanoparticles  filler.  The 
Arrhenius  equation  (er  =  op  exp[—  E^/kT],  where  symbols 
have  their  usual  meanings)  fits  the  region  above  Tc.  The 
cross-over  between  Arrhenius  and  VTF  behavior  of  a(T) 
has  been  reported  widely  and  discussed  in  literature  [38]. 
This  behavior  is  rationalized  by  arguing  that  since  VTF 
dependence  is  governed  by  the  energy  interval  (T  —  Ta )  and 
the  Arrhenius  dependence  by  the  temperature  T,  for  T  Ji>  T0 
the  two  should  merge.  A  considerable  amount  of  modeling 
effort  has  been  devoted  to  understanding  this  behavior  in 
terms  of  the  free  volume  theory  of  Cohen  and  Turnbull  [42]. 
A  detailed  discussion  regarding  this  cross-over  has  been  re¬ 
ported  previously  [39].  The  activation  energy  Ed  decreases 
as  the  mol%  of  nanoparticles  increases  and  then  shows  a 
minimum  at  the  concentration  that  shows  the  maximum 
ionic  conductivity  (Table  3). 

4.  Conclusions 

The  effect  of  the  dispersion  of  8-AI2O3  nanoparticles 
on  the  ionic  conductivity  of  (PEG)46LiC104  polymer  elec¬ 
trolyte  has  been  examined.  An  enhancement  in  ionic  con¬ 
ductivity  by  nearly  one  order  of  magnitude  is  observed  at 
10mol%  nanoparticles.  The  conductivity  goes  through  a 
maximum  as  a  function  of  the  content  of  nanoparticles  in  the 
SPE.  A  decrease  in  the  degree  of  crystallinity  is  observed  on 
doping  with  nanoparticles  in  the  SPE  while  the  glass  tran¬ 
sition  temperature  7g  and  the  melting  temperature  7m  re- 
main  essentially  unchanged.  7Li  NMR  motional  narrowing 
points  to  an  increase  in  the  effective  mobility  of  the  lithium 
ions  on  doping  with  nanoparticles.  The  activation  energy  is 
the  lowest  at  10mol%,  i.e.,  for  the  composition  that  shows 
the  maximum  ionic  conductivity.  The  enhancement  in  the 
ionic  conductivity  of  (PLGLpLiCKL  +  8-AI2O3  system  is 
attributed  to  a  reduction  in  the  degree  of  crystallinity,  a  de¬ 
crease  in  the  activation  energy,  and  an  increase  in  the  effec¬ 
tive  mobility  of  ions. 
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